INTRODUCTION

A. HISTORICAL BACKGROUND
In recent years the role of acetate in intermediary metabolism has been one of the most actively studied fields in biochemistry. The first indication of its physiological importance goes back to the investigations of Knoop.' In 1904 he concluded that fatty acids were oxidized stepwise with the formation of a two-carbon compound, presumably acetic acid, and postulated his well-known ,8-oxidation theory. This concept was further supported by Dakin,1' who found that the presumed intermediates in this oxidation-the a-,B unsaturated acid, the f8-hydroxy, and the f,-keto acidgave similar yields of acetoacetic acid.
For a long time there was little further progress made in elucidating the role of acetic acid in intermediary metabolism. In the 1930's Schoenheimer and Rittenberg performed their early experiments with deuterium."' q" In animals fed D20, the fatty acids formed had close to half the isotope concentration of the body water, thus indicating that about half of the fatty acid hydrogen is derived from the water. Schoenheimer, therefore, suggested that the fatty acids are formed by the coupling of small units. '2 Shortly after this, Bernhard8 fed deuterio-labeled acetate together with sulfanilamide to rabbits and rats and recovered deuterioacetylsulfanilamide in the urine. p-Amino benzoic acid was also found conjugated with the labeled acetate in the rabbit. The experiments of Rittenberg and Bloch in which CD3C1300H was fed to rats, resulting in fatty acids with alternate C'3H2 and CD2 methylene groups and a terminal C1300H, gave further evidence for the incorporation into the fatty acid of the acetate 2-carbon unit as a whole.
All the above experiments were performed with whole animals or organs. In 1938 Klein and Harris' observed that rabbit liver slices acetylate sulfanilamide and p-aminobenzoic acid in zitro in the presence of added acetate. This was the first demonstration of acetylation in vitro. However, since the reaction was an aerobic process and occurred only in the intact liver cell, it did not indicate the mechanism of acetylation because the energy of respiration may be used for a great number of reactions.
In 1943 Nachmansohn and Machado' extracted a cell-free system from brain and electric tissue in which acetylation of choline was observed if ATP was present. This was the first biological acetylation achieved in a soluble system; it demonstrated that ATP provides the energy for acetate activation in biological acetylation. In view of Nachmansohn's result, Lipmanne7 tested, in 1945, whether ATP is also the energy source in the acetylation of sulfanilamide by pigeon liver extracts. His positive results further emphasized the general nature of this reaction.
An important further step was the discovery and purification of a cofactor involved in acetylation. In 1943 it was observed by Nachmansohn et al.' that the choline acetylating system is rapidly inactivated on dialysis; this suggested the existence of a coenzyme. In 1945 Nachmansohn and Berman6' prepared a partially purified preparation of a coenzyme from "Kochsaft" of liver, heart, and brain, which reactivated a dialyzed choline acetylating system prepared from acetone dried powder of rat brain. The existence of a coenzyme of choline acetylase was also independently demonstrated by Lipton.' At about the same time, Lipmann' found that pigeon liver sulfanilamide acetylation also required a cofactor. When the two systems, and the action of the coenzyme were studied, it became apparent that the cofactor must be the same. Acetylations on oxygen and nitrogen atoms, therefore, may have a basically similar pathway since both require ATP and apparently the same coenzyme. Lipmann proposed that the coenzyme be called Coenzyme A (for acetylation).
The even greater generality of the reaction and the importance of the coenzyme in acylation reactions were soon recognized. An important contribution towards the understanding of the mechanism of acetylation and its relation to fatty acid synthesis was made by Stadtman and Barker' in 1949. They prepared a cell-free enzyme system from Clostridium kluyveri which Lipmann, 8 further suggested that since the addition of oxalacetate markedly decreases the formation of acetoacetate and acetyl sulfanilamide, the condensation is, in all three cases, with the same acetyl derivative. These and many other observations indicated that acetate and CoA were involved in a great variety of pathways of intermediary metabolism. Table 1 summarizes a great number of acetyl donor systems to, and acceptor systems from, acetyl CoA which have been identified in the last few years.
As is indicated in this summary, a number of other acyl groups besides the acetyl group take part in this reaction. These include the various intermediates in the oxidation of fatty acids, which are all CoA derivativese"7;
propionyl, butyryl, and other acylated CoA compounds from which the CoA can be transferred to the acetate group with Stadtman's transphorase; succinyl CoA which is involved in the citric acid cycle'; and benzoyl and other acyl CoA's which can be conjugated with glycine."n B. COENZYME A cp.
Another major source of energy for acetylation reactions is the energy derived from oxidative decarboxylation. Schwett and Cheslock' reported that in the absence of ATP and acetate, pyruvic acid and the pyruvic oxidase system acetylated sulfanilamide faster than the ATP-acetate system. Burton and Stadtmanr' suggest that DPN catalyzed acetaldehyde oxidation can also be an energy source for acetyl CoA formation.
3. Chemical mechanism of the condensation reaction. The mechanism by which the activated acetyl group reacts with the acceptor compound apparently also varies. In most cases it is the carboxyl-carbon of the acyl group which is activated by forming the CoA thiolester. This carbon is bound to the acceptor in the numerous N-and 0-acylations. The acceptor atoms are relatively negative, while the relatively positive character of the carbonyl carbon is iticreased by bonding with the sulfur on the sulfhydryl group of the CoA. However, when carbon-carbon condensations are considered, it is apparent that the methyl carbon is activated and combined with a strongly positive carbon on the acceptor." 4 The cycle of acetylcholine formation, utilization, and breakdown functions primarily as part of the process of nerve impulse conduction. The energy source of the electric currents which propagate nerve impulses are ionic concentration gradients across the nerve membrane. Sodium ions are highly concentrated in the outside fluid and low in the interior. The reverse is true for potassium ions. As a stimulus is carried along a nerve, there occurs a sudden influx of sodium ions in the active region and an equivalent number of potassium ions flow to the outside. These ion movements are the carriers of the electric currents propagating the impulse. A change in the permeability of the membrane is necessary to make the concentration gradient effective and to permit the entrance of sodium ions. This alteration is considered to be the effect of acetylcholine acting on certain proteins of the membrane. The possible changes in protein configuration and the evidence for it will be discussed in greater detail later in this article.
Acetylcholine is stored in the membrane of the nerve bound to a protein; as the electrical impulse reaches the area, it is released, acts on a membrane protein and is very rapidly destroyed by acetylcholinesterase. The protein returns to its resting condition and the barrier for ion movements is reestablished. This immediate recovery makes it possible for the next impulse to pass. The choline acetylase resynthesizes acetylcholine in a subsequent recovery phase from acetyl CoA and choline which, as has been discussed before, requires ATP. A thorough discussion of the role of acetylcholine in nerve function may be found in review articles by Nachmansohn.5 '-'2-
The system catalyzing acetylcholine synthesis has been identified in numerous vertebrate, invertebrate, and even bacterial extracts. It has been found in all conductive tissues studied, such as, among vertebrates, rat or rabbit brain,=' e6 91 nerve tissue, 5 electric organ of eel,57 striated muscle,' and heart muscle.'2 It is present in motor and sensory nerve fibers; it was found in Squid head ganglia,' abdominal chain of the lobster,' and in an annelid, flatworm, coelenterate,6 and even in a very motile protozoan, the trypanosome. 18 It seems also to be present in red blood corpuscles, which also have a high acetylcholinesterase concentration,'2 in spleen,'2 which breaks down red blood cells, human placenta,"8 and in the bacterium Lactobacillus plantarum.' Its function in the latter organism is unknown, although acetylcholine synthesis has been found to be correlated with growth and acid production there.' L ENZYMATIC SYNTHESIS OF ACETYLCHOLINE When Nachmansohn and Machado prepared their cell-free choline acetylating system,"2 the detailed mechanism was not yet clear. The acetylation of choline is now known to comprise two enzymatic steps, the first being the formation of acetyl-S-CoA from any donor system. The term "choline acetylase" has been redefined to refer to the specific acceptor enzyme catalyzing choline bonding with the acetyl group. The reaction is:
CH3 Since acetyl-S-CoA is now easily prepared synthetically, the choline acetylase reaction could be studied apart from other enzymes. The results of specificity and inhibitor experiments on this reaction could now be compared with those obtained for the hydrolysis of the ester by acetylcholinesterase '2''2"'0 and similarities and differences of enzyme-substrate affinity could be investigated.
An even more compelling reason for using acetyl CoA instead of free CoA and an acetyl donor system was the fact that this made it possible to study the sulfhydryl groups on the enzyme without interference from the coenzyme SH. Compounds known to react with sulfhydryl groups could then only affect the enzyme.
In view of its biological importance more information about the characteristics and mechanisms of action of choline acetylase appears desirable. Some recent studies on these problems are described below. Although the enzyme was purified only tenfold, giving a specific activity between 30 and 80 uM of acetylcholine formed per mg. protein per hour (depending on the activity of the initial powder), it was free from most of the interference by acetyl CoA deacylase. The residual deacylase activity was at least less than 10 per cent (and often less than 5 per cent) of the choline acetylase activity after one hour's incubation time. The enzyme lost one-third of its activity in one and one-half months when stored in the deep freeze in the presence of 1 uM per ml. EDTA.
2. Transacetylase. Potassium phosphate buffer extract of lyophilized E. coli was used as a source of phosphotransacetylase'7 to form acetyl CoA enzymatically during the course of the reaction. The extract can be partially purified by precipitating it with 45 grams of ammonium sulfate added for each 100 ml. of extract.
S. PREPARATION OF ACYLATED COA DERIVATIVES
Acylated forms of CoA may be prepared by a modification of the method of Simon and Shemin." This involves adding acetic anhydride to a solution of CoA and sodium bicarbonate at a pH of 7.5 to 8.0. It may be noted that most of the CO. must be removed by acidification of the solution before the pH is adjusted to 6.8 and the acetyl CoA is stored. Otherwise the gas is slowly released on standing and the solution becomes more alkaline, thereby splitting the acetyl CoA.
An excess of acid anhydride of more than about one-third should also be avoided; otherwise preparations are obtained which are less active substrates for acylation reactions. They show more than one equivalent of acyl groups for each equivalent of SH as assayed by the hydroxamic acid and nitroprusside methods discussed below. Apparently another group on the CoA molecule is also acylated, possibly the amino group of the adenine; this more highly acylated compound is either inactive or may even be inhibitory.
The various acyl derivatives of CoA exhibit different degrees of stability both to alkali and upon incubation at 310 and pH 7. Acetyl, butyryl, propionyl, and succinyl CoA's were prepared and tested for ester formation in the choline acetylase system. Benzoyl CoA was kindly supplied by Dr. John Taggart."
Acetyl pantetheine was prepared from pantetheine in a manner similar to that of acetyl CoA. The pantetheine was obtained by reducing pantethine (kindly sent by Dr. E. E. Snell) with 10 equivalents of sodium borohydride. The product obtained was tested for free sulfhydryl groups with the nitroprusside reaction. The alkaline hydroxamic acid method of Hestrin' was used to assay choline acetylase activity during purification of the enzyme.
The choline acetylase catalyzed reaction involves the disappearance of two substrates, choline and acetyl CoA, and the appearance of two products, acetylcholine and CoA. Assay methods may, therefore, be based on any one of these four compounds. In earlier experiments the disappearance of the acetylthiolester was determined by the hydroxamic acid test in neutral solution." Acetyl-S-CoA is labile enough so that it can be readily converted to acethydroxamic acid, while acetylcholine is stable under these conditions. This reaction was calibrated with acetylthiocholine.
It was later found that the nitroprusside test for the sulfhydryl group of the liberated CoA was about six times as sensitive as the above reaction; therefore the hydroxamic acid method was no longer routinely used to assay enzyme activity in the isolated choline acetylase system. The nitroprusside test, as used for most of the assays, is a modification of the Grunert-Phillips quantitative method.' The details of the method have been described in an earlier paper.7 It involves the formation of a red color presumably due to the reduction of the Fe+++ in the sodium nitroprusside to Fe++ by the sulfhydryl groups. This reduction takes place at pH 10, and in the presence of sodium cyanide, which has been reported to increase the stability of the color.' Under the conditions used, 5 X 101 IM of sulfhydryl groups per ml. would give an optical density of .018 at X = 520, and can thus be readily estimated. Applying a correction for the breakdown of residual acyl CoA at alkaline pH and reading each assay exactly 30 seconds after the color is first developed, the readings are reproducible within 5 per cent.
When the activating effect of cysteine was established and this compound was added to the reaction mixture, the nitroprusside method was no longer feasible. The determination of acetylcholine formed by bioassay had to be resorted to."5 This method is even more sensitive than the nitroprusside test (2 X 10-' uM of acetylcholine can be estimated) but it is much more time consuming.
Protein concentrations were determined primarily by a modification of the quantitative biuret method developed for serum protein by Gornell.' Three ml. of the biuret reagent (0.15 per cent copper sulfate, 0.6 per cent Na-K-tartrate and 3 per cent NaOH) are added to an aliquot of the test mixture containing approximately 1 to 2 mg. of protein in 3 ml. of water. This is allowed to stand for 10 minutes and then read in the Klett-Summerson colorimeter against a blank containing no protein. This method was standardized against data obtained with the Kjeldahl method for determining protein nitrogen. It is accurate to within 10 per cent.
PROPERTIES OF CHOLINE ACETYLASE
A. STABILITY OF THE ENZYME Choline acetylase isolated from the Squid ganglion is unstable at room temperature or above. It loses its activity at 550 C. in 10 minutes; when kept at 300 C. in the absence of its substrate acetyl CoA, it loses from 15 to 50 per cent of its activity in 30 minutes. The loss is much smaller, of course, when the enzyme is kept concentrated than when it is diluted, as it must be, during pre-incubation. As mentioned above, however, it loses only one-third of its activity when kept frozen at -20°C. for one-and-one-half months. Addition of EDTA and cysteine to the extract before it is stored does not prevent the loss in activity. Addition of these reagents during the course of the reaction greatly increases the activity of the enzyme extract.
B. pH AND TEMPERATURE
Choline acetylase has a pH optimum of 6.9. The activity falls off faster on the alkaline side than on the acid side. The enzyme preparation is quite unstable below pH 6.0, but seems to be somewhat more stable on the alkaline side (at least up to pH 8.2). However, acetyl CoA is rapidly split above about pH 8.5, so that activity measurements beyond these limits are not feasible. The temperature optimum for activity is at 30 to 320 C.
EDTA was present in these determinations. Liberated CoA was assayed by the nitroprusside method.
C. EQUILIBRIUM
The equilibrium of the reaction seems to be completely in the direction of the formation of acetylcholine. Assuming Stadtman's value of 0.85 MuM of CoA per mg of Pabst CoA as discussed above, and a 100 per cent yield of the acetylated SH as measured by the hydroxamic acid method, there is a stoichiometric conversion of acetyl CoA to acetylcholine. This might have been expected on the basis of the very high energy content of the thiolester and the much lower energy content of the alcohol ester (acetylcholine). Very high enzyme concentrations were used, and relatively low acetyl CoA concentrations.
D. RATE OF REACTION
The activity of the enzyme was found to be fairly linear with enzyme concentration up to 440 jg protein per ml at 30 minutes incubation time and up to 220 ,tg at 120 minutes. However, it is not linear with time even at short time intervals. This deviation from linearity increases with higher initial activity.
The Km for choline is 5 x 104 M. Since a concentration of 2 x 10-2 M was used per tube, and since less than 1 ,uM of acetylcholine was formed during the reaction, the choline concentration could not be the limiting factor for linearity. The Km for acetyl CoA for the 11 minute values is 1.6 x 10J3 M. Here too the decrease in acetyl CoA concentration could not cause the sharp decrease in the rate observed, since the initial concentration was 3.5 juM per ml.
Another important fact in regard to the absence of linearity with time is that, in the presence of catalytic amounts of CoA, acetylphosphate and phosphotransacetylase, there is a marked increase in the rate of the reaction. In the transacetylase containing system, 0.2 MuM of acetyl CoA is the highest concentration ever available, and yet the reaction is linear. A concentration of 0.2 uM per ml is considerably lower than the Km at 11 minutes of 1.6 MuM, or the acetyl CoA concentration available after 6 minutes, or even after 30 minutes, in systems using acetyl CoA directly as a substrate. This, therefore, again indicates that the initial acetyl CoA concentration of 3.5 ,uM per ml is not the limiting factor for maximum choline acetylase activity.
The possibility that acetylcholine or CoA act as inhibitors in the reaction was also investigated. Both inhibit, but at concentrations much higher than those produced during the course of the reaction. With acetylcholine, the inhibition is of the same order of magnitude as that of other inhibitors presumably competing with choline (Table 6 ). This will be more fully discussed below. CoA at a concentration of 0.9 ,uM per ml stimulated the enzyme activity; at a somewhat higher concentration (4.4 ,uM) it was lightly inhibitory. However, it was found that cysteine and other SH reducing agents greatly activated the enzyme, even in the presence of EDTA. This cysteine activated enzyme preparation was inhibited 32 per cent by 3.4 uM of added CoA ( Table 2 ). The extent of the activation and inhibition by CoA varies with different enzyme preparations, and with the length of time that the enzyme extract is stored. CoA activates an old extract much more than a fresh one. The initial accelerating effect of CoA may therefore have been due to the reducing power of its sulfhydryl group on the enzyme.
The inhibition of over one-third of the enzyme activity by CoA in the presence of cysteine and EDTA is consistent with Tabor et al.'s1 figures for CoA inhibition of the amine acetylating enzyme. In that system CoA added in twice the concentration of the substrate, acetyl CoA, gave an inhibition of a little over one-third, while CoA added in 10 times the acetyl CoA concen-tration inhibited the reaction almost two-thirds in the presence of sodium thioglycolate and EDTA. The substrate and inhibitor concentrations used in the choline acetylating system are, however, much higher than those used for the amine acetylase.
The apparent increase with time of the Km of acetyl CoA may also suggest the accumulation of a competitive inhibitor. Some important information was obtained from experiments in which the phosphotransacetylase system (purified E. coli extracts, acetylphosphate, and magnesium chloride) was added to the acetyl CoA-choline acetylase system, and the acetylcholine formed assayed by bioassay (Fig. 1 ) . No free CoA was added, but the CoA liberated during the course of the reaction was immediately reactylated. The results demonstrate that the added reacetylating system not only sharply increases the rate of acetylcholine formation, but also causes this rate to become linear.
The systems with and without the added phosphotransacetylase were also compared with and without added cysteine. This addition further speeds up the rate of the reaction in the presence of the transacetylase. In its absence, there is an initial increase in rate with cysteine, but this levels off and the enzyme activity decreases with time.
The increase in acetyl CoA concentration in the presence of the phosphotransacetylase system is not great enough to account for the sharp increase in activity and linearity of the choline acetylase system, especially during the first period of the reaction. The increased rate may therefore be due to the removal of the free CoA which is formed during the course of the reaction and which may act as an inhibitor. If an inhibitor of the acetyl CoA site were to accumulate during the course of the reaction, the apparent concentration of substrate necessary for half maximum enzyme activity would increase.
The maximum specific activity of the enzyme preparation obtained by adding the phosphotransacetylase system to the choline acetylase-acetyl CoA system, in the presence of cysteine, and assayed by bioassay agrees very well with the specific activity of the same enzyme preparation determined with catalytic amounts of CoA, no added acetyl CoA, and phosphotransacetylase, and assayed by the alkaline hydroxamic acid method.
The sharp decrease in the linearity of the isolated choline acetylase reaction with time in contrast to the strong increase in, and linearity of, enzyme activity in the presence of the phosphotransacetylase system raises an interesting problem. Free CoA inhibits the reaction of the enzyme with acetyl CoA in concentrations markedly higher (six to eight times) than those produced during the course of the reaction. A possible explanation is that CoA formed from acetyl CoA during the reaction may be better bound to the enzyme than added CoA. If a system is added which pulls the CoA off, as for example the phosphotransacetylase system (which might have an affinity for CoA even though the coenzyme may still be partly associated with the choline acetylase) the reaction continues linearly. This latter test system might be close to the conditions under which the enzyme functions in the cell.
E. THE SULFHYDRYL NATURE OF THE ENZYME, AND POSSIBLE MECHANISMS OF THE RECTION
It had been suggested in 1943 that the crude choline acetylase system contained sulfhydryl groups essential for its activity.' However, the results obtained at that time were based on rat or guinea pig preparations which contained free CoA. When the coenzyme was found to contain a free functional sulfhydryl group,'5 the existence of essential SH groups in choline acetylase itself could be questioned. The answer was readily found by starting directly with S-acetyl CoA as the substrate, instead of synthesizing it from free CoA and an acetylating system during the course of the reaction.
Known sulfhydryl inhibitors were then used to investigate whether or not the enzyme contained an essential sulfhydryl group. Choline acetylase was unequivocally shown to require a free SH for functioning (Table 3) . Therefore, activation of the enzyme by removing traces of metals in solution which might react with SH groups was attempted. Addition of 2 ,uM per ml of EDTA to the test mixture gave a 37 per cent increase in acetylcholine formation in the presence of phosphate buffer. A 450 per cent increase was observed when two times recrystallized tris buffer (tris [hydroxymethyl] aminomethane) was used instead of the phosphate buffer. This suggested that a metal contaminant had been present in this buffer. As both the enzyme and the free coenzyme have been shown to contain functional sulfhydryl groups, added EDTA should presumably have two effects on the test system: it should not only keep the SH on the enzyme intact, but the SH on the CoA liberated during the course of the reaction should remain free.
As functional SH groups may have been oxidized during the purification procedure, the enzyme was pre-incubated with cysteine. The activity was markedly increased beyond that observed with EDTA. The cysteine effect, however, might have been a specific one rather than a general reducing action. The SH group may have removed another group blocking an enzyme sulfhydryl. Therefore, choline acetylase was treated with sodium borohydride which readily reduces disulfide bonds, and being a small molecule, might be expected to easily penetrate proteins. It had no effect at all on the enzyme, neither stimulating nor inhibiting it. Glutathione stimulates the enzyme as well as does cysteine (Table 4) , pantetheine perhaps even better (it was used in lower concentration); pantethine strongly inhibits it, and sodium formaldehyde sulfoxylate (CH20HOSONa), which has a reducing sulfur that is not an SH, activates choline acetylase to a slightly lesser extent than does cysteine. The slight increase in the degree of activation when pantetheine and cysteine were added together may be due only to a higher concentration of SH groups.
Reactivation of o-iodosobenzoate inhibition was attempted with both borohydride and cysteine. Under the conditions used, reactivation was obtained with both compounds. It was quite weak with NaBH4, whereas cysteine reactivation was stronger. The two reactivators are not quite comparable, however, as cysteine reduces the sulfhydryl groups on the enzyme and also reacts with the ortho-iodosobenzoic acid, while NaBH4 only reduces the sulfhydryl groups on the enzyme. Since cysteine also activates the system independently of its reactivation effect (Table 2) , a quantitative evaluation of its reversal of o-iodosobenzoate inhibition is not possible.
The finding that choline acetylase is inhibited by low concentrations of compounds reacting with sulhydryl groups is of great significance in approaching the problem of the mode of action of the enzyme. The fact that incubation is necessary for maximum inhibition indicates a relatively slow interaction. It is of interest that Tabor et al. ' have shown that the enzyme catalyzing N-acetylation of amines also contains an essential SH group. The acetyl-carrying enzyme, thiolase, also has sulfhydryl groups essential for its activity."' " Most of the substances which activate choline acetylase are themselves sulfhydryl compounds. The one exception is sodium formaldehyde sulfoxylate. Pantetheine, which resembles CoA most, seems to be a somewhat more effective activator than cysteine. Since EDTA was present in all the test mixtures, the activation of the enzyme by these reducing compounds indicates that not only may the removal of a metal inhibitor be involved in the activation but also the reduction of the oxidized enzyme. However, the addition of sodium borohydride, which is a small and therefore presumably an easily penetrating molecule known to reduce sulfhydryl groups readily, does not increase the enzyme activity, although it does partially reactivate enzyme oxidized by ortho-iodosobenzoic acid. The activation by cysteine and EDTA appears only when these substances are present in the reaction mixture, but not when they are added during the preparation of the extract. Activation of the enzyme may therefore be due to the removal of an inhibiting group during the course of the reaction.
Pre-incubation of the enzyme with acetyl CoA results in increased enzyme activity when compared with controls kept at the same temperature for the same period of time. Usually, this increase is about 50 per cent in the first 10 minutes, but it varies very widely (from 5 to 170 per cent). Keeping the enzyme at 300 for 30 minutes with acetyl CoA also results in a slightly better activity (about 20 per cent) than that obtained with enzyme alone kept at a low temperature. When, however, the enzyme is preincubated with acetyl CoA and cysteine together, its activity drops to almost the level of the control. This may be due to the blocking of the cysteine action at the site of activity by the acetyl CoA and vice versa. However, significant amounts of acetyl CoA may break down during the course of the reaction under the conditions used.`' Of other thiolesters tested, only acetyl pantetheine forms a very small amount of acetylcholine, about one-thirtieth as much as that obtained with acetyl CoA at about the same concentration. Higher concentrations were not tested. Added pantothenate, ATP, and ADP did not affect the reaction rates.
Considering how essential the sulfhydryl groups on the enzyme are for its activity, and in view of the acetylthiolester structure of the "active acetate" intermediate, it is possible to suppose that a similar structure for the acyl-enzyme might be operative. An actual transfer of the acetyl group from the coenzyme to an SH group in the enzyme may be involved, releasing free CoA and free acetate. This would presumably take place even in the absence of choline.
Racker and Krimsky postulated such an acyl-S-enzyme intermediate in their scheme for phosphoglyceraldehyde oxidation,"e' based on the requirement of the enzyme for glutathione as a prosthetic group and on the acetylation of the enzyme, prepared in gram quantities, by The coenzyme and the enzyme may have several interacting groups which, acting together, may fix the acyl group into a very specific steric position. Then the carbonyl carbon could become associated with both the enzyme and CoA sulfhydryl groups at the same time. The choline, which is attracted to a nearby site, would then form a compound by bonding its oxygen with the carbonyl carbon, thus simultaneously releasing the CoA. Inhibitors could interfere with the reaction by blocking any or all points of interaction of acetyl CoA and enzyme. As noted above, acetyl pantetheine is a far weaker acyl donor than the whole acetyl CoA molecule, while acyl thiolesters not related to CoA in any way do not serve as donors at all. One factor for this stronger interaction between CoA and enzyme, compared to pantetheine, may be its stronger binding to the enzyme.
F. SPECIFICITY
In earlier experiments7 the specificity of the enzyme for the amino alcohol in regard to its degrees of N-methylation was found to be choline >> (16 x) dimethylethanolamine > (3 to 4 x) monomethylethanolamine. In regard to the acid moiety, only the acetyl and propionyl group formed the corresponding ester. Butyrylcholine formation was too low to measure. Benzoyl CoA was also inactive.
With improved techniques, synthesis of butyrylcholine, but not of benzoylcholine, was demonstrated. Butyrylcholine contracts the frog's rectus 80 per cent as strongly as acetylcholine, and this method was used to confirm butyrylcholine formation (see Table 5 ). Tested with the nitroprusside method, butyrylcholine synthesis was about 10 to 20 per cent as high as acetylcholine synthesis.
The specificity of the acetylase and esterase in regard to chain length is similar. The acetyl CoA is only a slightly more active acylating agent than the propionyl thiolester, but is much better than the butyryl CoA in synthesizing the respective esters.
Although the reaction of the enzyme with the substrates is not completely specific, it is quite marked enough so that the function of the enzyme in the cell appears to be essentially acetylcholine and perhaps propionyl choline synthesis. Of the other substrates tested and found to react to even a small extent, apparently only butyryl CoA seems to acylate choline in vivo, as only butyrylcholine has been detected in brain extracts.' The availability of butyryl CoA to the choline acetylase, however, may be small, but since this ester is a poor substrate for acetylcholinesters, it is possible that detectable amounts are built up in time even though it is synthesized slowly by the acetylase. Succinyl CoA, which is involved in carbohydrate oxidation as well as in other systems, does not form detectable amounts of the choline ester.
INHIBITION RELATED TO THE NATURAL SUBSTRATES
Several of the inhibitors of choline acetylase activity in the isolated enzyme reaction have already been discussed above. The action of choline acetylase may be further elucidated by studies of inhibitors reacting specifically at each of the presumed sites of substrate-enzyme binding. Compounds having structures similar to the natural substrate were chosen, since these might have an affinity for the enzyme even if they do not react. In this way, enzyme specificity in relation to binding power, as opposed to reactivity, may be studied separately. This has been done for the acetylcholinesterase by Wilson."01 Because the reaction utilizing acetyl CoA as a substrate was not linear, experiments designed to indicate whether added inhibitors acted competitively or noncompetitively could not yield definitive results. Table 6 , tetramethyl ammnonium chloride inhibits at a concentration of 40 juM per ml more strongly than trimethylamine hydrochloride does at 80,uM per ml; dimethylethanolamine apparently inhibits even less (20 per cent) at 80,uM per ml. (However, as choline acetylase catalyzes the acetylation of high concentrations of this latter alcohol, the observed 20 per cent inhibition of the liberation of free CoA does not indicate its total inhibition of acetylcholine synthesis.) Dimethylamine hydrochloride does not inhibit at all at the latter concentration. Pre-incubation has no effect on the inhibition. Thus, the decrease of inhibitory strength with a decreasing number of methyl groups attached to the nitrogen is fairly consistent with the behavior of acetylcholinesterase and is of approximately the same order of magnitude. In both cases the methyl groups apparently increase the attraction by Van der Waal's forces. As tetramethyl ammonium chloride was two to three times better as an inhibitor at pH 7.0 than trimethylamine hydrochloride (pK = 9.87), a change in protein configuration due to the extra methyl group may be a 42S factor in the interaction of choline acetylase with the inhibitor. Although this had been considered improbable for the esterase,0l' more recent data show that the tetramethyl compound is also a significantly better inhibitor of this enzyme. The absence of any inhibition by 80 ,uM per ml of dimethylamine hydrochloride (pK = 10.72) is further support for the assumption of Van der Waal's forces being a factor in the attraction of methyl groups. b. Prostigmine and its tertiary analogue. The inhibitory power of the aromatic compound prostigmine (80 ,uM per ml gives 50 per cent inhibition) is lower than that of the simple tetramethylammonium ion. This is strikingly different from the finding with the esterase. In the latter case, prostigmine inhibits at 10-7 M or at 100,000 times lower concentration. This very strong inhibition is not surprising in the case of the cholinesterase.'" Prostigmine is bound to the acetylcholinesterase at both the anionic and esteratic sites, as the distance between its quaternary nitrogen and its carbonyl-C is about the same as in acetylcholine.
The much greater inhibitory power of the analogous tertiary amine as opposed to the quaternary prostigmine (10 to 20 times) ( Table 7) is also different from the situation with the esterase. For that enzyme, prostigmine has a KI of 1.6 x 10w, while the tertiary analogue is about one-hundredth as strong.'0 Conversely, the tertiary compound requires only 5 uM to inhibit the choline acetylase reaction 70 per cent, but this strong inhibition takes place only after the inhibitor is pre-incubated with the enzyme for 15 to 30 minutes. This increase of inhibitory strength on pre-incubation suggests that another interaction, besides simple electrostatic attraction to a negatively charged area on the enzyme, must be involved.
This was confirmed when it was found that if acetyl CoA were preincubated together with the enzyme and this tertiary analogue, the inhibition was reduced to less than half of what it was when the enzyme was treated with the tertiary compound alone. Choline, on the other hand, did not protect the enzyme at all against this inhibitor. The protection against this inhibition by acyl CoA, together with the fact that contrary to most presumed choline site inhibitors the inhibition by the tertiary analogue of prostigmine increases with pre-incubation, suggests that it may have a two-headed inhibitory action on the acetylase. It probably inhibits at the choline site, somewhat as trimethylamine does. But the greater part of the inhibitory reaction seems to involve the acetyl-CoA site. The three major characteristics of its inhibition, (a) low inhibitor concentration, (b) increase in inhibitory power with pre-incubation, and (c) decrease in inhibition in the presence of acetyl CoA, all point in this direction. In the reaction with the acetyl CoA site a more specific complex formation may occur between inhibitor and enzyme. The free electron pair on the nitrogen, due to the absence of the extra methyl group, could affect the electron distribution of the carbonyl group:
CH,-N-CH, c. Acetylcholine. The acetylcholine inhibition shown (Table 6 ) is of the same order of magnitude as that shown by tetramethylammonium chloride and is probably due to competition with choline, since both contain a quaternary nitrogen. The much smaller concentration of acetylcholine formed during the course of the reaction is certainly in itself not enough to cause a decrease in enzyme activity. It might be, however, that this inhibition, plus that due to CoA, are more effective together than separately.
No mass action effect of acetylcholine accumulation is to be expected, as the -A F°is close to 10,000 calories, and the equilibrium is all the way toward ester formation. * d. D-tubocurarine and other diquaternary comnpounds. If, as in acetylcholinesterase, there were more than one negatively charged functional centers in close proximity to each other, diquaternary compounds would be expected to inhibit as effectively as the monoquaternary compounds with the square root of the concentrations needed for the latter. D-tubocurarine actually is quite potent but, as with the tertiary analogue of prostigmine, only after pre-incubation. Whereas 5 uM per ml inhibit only 5 per cent without pretreatment, the inhibition goes up to 60 per cent after 15 minutes of pre-incubation. However, there is a marked increase in acidity during the course of the reaction, even in high buffer concentrations, which probably accounts for some of this inhibition. On the whole, there seems to be no increase of inhibitory strength with *diquaternary compounds, in contrast to the results obtained with the esterase.5 Decamethonium bromide inhibits 25 per cent at a concentration of 25 uM per ml, and succinylcholine 20 per cent at 40 ,uM per ml. Thus, there is no indication of the existence of a second negative group near the active site.
Inhibitors of choline acetylase at the choline site generally act in relatively high concentration, and the length of time that the enzyme and inhibitor are pre-incubated together has no effect. The major attracting forces are presumably Van der Waal's forces, and possibly also electrostatic interactions.
2. Inhibitors competing with the acyl group a. Butyryl CoA. The analysis of butyryl CoA inhibition is complicated by the formation of butyryl choline. Taking this reaction into account, the per cent of inhibition ranges from 15 to 40 per cent, although an exact quantitative evaluation would be difficult ( Table 5 ). The inhibition varies with butyryl CoA concentration, but an analysis of the results to determine whether or not the inhibition was competitive was inconclusive. On the basis of the inhibition of acetylcholine formation in the presence of butyryl CoA, acetyl CoA seems to be bound to the enzyme about twice as well as butyryl CoA when equal concentrations of the two acyl CoA's were used.
b. Bensoyl CoA. With benzoyl CoA, no formation of benzoylcholine could be detected, at least at the low concentration at which this acyl CoA was added. But inhibition of acetylcholine formation was definitely established (Table 8) .
Sodium hippurate, at a much higher concentration than benzoyl CoA (about 150 times as high) also inhibits about 25 per cent, but only if it is pre-incubated with the enzyme. Succinyl CoA is quite unstable and breaks down rapidly during the course of the reaction. It neither inhibits acetylcholine synthesis nor is it utilized for succinylcholine formation.
The inhibition of acetylcholine formation at the acetyl CoA site has markedly different characteristics from that at the choline site. Butyryl and benzoyl CoA inhibition takes place at a concentration of about one order of magnitude lower than the concentration of inhibitors of the choline site. Another difference between the two is the increase of the inhibitory action on the acyl-CoA center, but not on the choline center, by pre-incubation of the reagent with the enzyme. This is clearly evident in the case of the action of benzoyl CoA, but hippuric acid and sulfhydryl inhibitors could also belong to the compounds acting on the acyl-CoA site. The incubation may favor complex formation or an interaction between the coenzyme and the choline acetylase at several points.
H. EFFECT OF IONS
The effect of ions, except in the case of metals which react with the sulfhydryl group, is negligible. At a concentration of 10 ,uM per ml, calcium ions inhibit the reaction about 10 per cent, manganese 20 to 30 per cent.
The presence or absence of sodium or potassium ions, at constant ionic strength, has no effect on the reaction.
BIOLOGICAL SIGNIFICANCE OF THE SUBSTRATE SPECIFICITY OF CHOLINE ACETYLASE
The sharp specificity of the enzyme for the quaternary trimethyl aminoethanol (choline) when compared with the analogous di-and monomethyl alcohols indicates that the third methyl group of choline is very important for enzyme activity. This is of great interest. It may be assumed that the methyl groups of the nitrogen contribute to the attraction of the substrate by Van der Waal's forces. This has been demonstrated and quantitatively evaluated by Wilson for the acetylcholinesterase.' "" ' In this latter enzyme, the third methyl (fourth alkyl) group does not contribute as much to the binding as the other methyls, whereas the hydrolytic activity of the esterase is markedly higher with acetylcholine (more than twice) than with its tertiary analogue. In the case of choline acetylase, the presence of the third methyl group has an even more pronounced effect, the rate of acetylation being increased about 16 times. Since the quaternary nitrogen group has a spherical shape, it may be that for full activity the enzyme protein has to envelop the molecule, and that this change of configuration increases the enzyme efficiency.
At least one of these proteins (acetylcholinesterase)" has been found to be localized in the neuronal sheath. It is probable that the other proteins with which acetylcholine interacts are also in the nerve membrane. Therefore, a change in the structure of a protein reacting with acetylcholine could cause a change in the arrangement of charges on the surface of this protein, and therefore a redistribution of charges in the membrane. This might allow sodium ions, which were previously repelled, to penetrate through the membrane.
The possibility that the effectiveness of the quaternary ion is due to its action on the configuration of the protein to which it is bound is supported by recent work on the receptor protein. A series of compounds related in structure to acetylcholine, which do not inhibit esterase activity but which do block conduction, were found. Of these, the majority of the tertiary compounds did not depolarize the membrane; in contrast, most of the quaternary compounds tested depolarized it. The former group thus acted as receptor inhibitors, the latter as receptor activators. These effects on the receptor are consistent with the results which one would expect from the studies of the two enzymes of the system in solution.
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